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Abstract
Methane (CH₄) is a potent greenhouse gas (GHG) that has 28-36 times the greenhouse
effect of carbon dioxide (CO2) over a 100-year timespan. Recent remote sensing research
conducted by NASA Jet Propulsion Laboratory and Scientific Aviation has indicated that the
working face of landfills are sectors of much higher methane emissions than previously
considered. A working face location, which is the area of the landfill where daily waste is
deposited, lacks the engineering controls present on the rest of the landfill. Controls such as gas
collection and extraction wells and substantial covers to ensure surface integrity for methane
leaks are missing at the working face. While a layer of alternative daily cover (ADC) is required
over the working face location to ensure that wind blown debris, disease vectors, fires, and odors
are abated when the working face is not in use at the end of the working day, that layer of ADC
does not address GHG emissions. Current state regulations and industry management practices
fail to address this specific aspect of landfill management. Biochar, basic oxygen furnace (BOF)
slag, and biotarping (methanotroph-embedded geomembrane covers) were assessed for their
efficacy of oxidizing CH₄ at the working face when used as ADC. Biochar and biotarping
showed the best CH₄ oxidizing potential, while a combination of biochar and BOF slag could
also prove an optimal solution at reducing both CH₄ and CO2 emissions.
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Introduction
The accumulation of household and industrial waste is higher today than ever before.
Waste is generated globally at an alarming rate. In 2017, the Environmental Protection Agency
reported that 267.8 million tons of waste were generated in the United States, a 5.7 million ton
increase from 2015. Globally, there are different methods to dispose of this waste — from open
dumps to landfills with gas extraction wells and gas-to-energy plants. In the United States, we
utilize a robust recycling collection and composting operation to divert potential waste from
landfills. Despite efforts to reduce, recycle, and divert, massive amounts of waste still end up at
landfills. The life cycle of that waste is decades long and throughout the decomposition process
greenhouse gases, including methane, will continue to be emitted. Not all waste generated can be
diverted and some must end up placed and buried in landfills.
Inevitably, through the waste undergoing anaerobic digestion, greenhouse (GHG) gases,
which consist of approximately equal parts methane and carbon dioxide, are generated from this
process (Naidu et al., 2020). These gases, resulting from the decomposition of the organic waste
placed in landfills, are an accelerant of climate change. Per the latest Intergovernmental Panel on
Climate Change (IPCC) assessment report (AR5), as seen in Figure 1, methane has 28-36 times
the greenhouse effect of carbon dioxide over a 100-year timespan (IPCC AR5, 2014). This
means that the methane generated has a greater potential of trapping heat than carbon dioxide,
and therefore a larger contribution to the progression of climate change. Better landfill methane
control has been identified by top climate scientists as one the 100 solutions to reverse the effects
of global warming (Hawkens, 2017).
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Figure 1: The latest Intergovernmental panel on climate change (IPCC) report found that landfills
are the second biggest source of methane globally and has determined that methane has 28-36 times
the greenhouse effect of carbon dioxide over a 100-year timespan.

California has recently taken a stance on addressing short-lived climate pollutants
(SLCP) such as methane. If properly managed and mitigated, SLCPs can have an immediate
impact on climate change and public health (CARB, 2019). Senate Bill (SB) 32 passed in 2016,
is an extension of Assembly Bill (AB) 32 of 2006. SB 32 aimed to reduce GHG emissions by
40% emission levels of 1990 by 2030. In response to these efforts, California passed SB 1383 to
develop policies and strategies to minimize the impacts of SLCPs in order to achieve these goals
(Lara, 2016).
In 2015, Assembly Bill 1496, Methane Hotspots Research, was signed into legislation by
the Governor of California. This bill aimed to quantify and identify the primary methane emitters
and industries in California though advanced remote sensing technologies. This effort, funded by
CARB, was done in collaboration with NASA’s Jet Propulsion Laboratory (JPL) and Scientific
10
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Aviation. The initial portion of these studies were conducted on airplanes equipped with
technologies that were able to immediately quantify methane emissions for every facility of
interest in California. Upon completion of the study, landfills were identified as one of the super
methane emitters across the state in Phase 1 of the report.
The subsequent phase of this study involved comparing the aerial data to ground level
site-specific operations. Local air districts around California were tasked with taking the results
from the initial study and investigating where emissions were coming from. Conventional
thinking would lead one to believe that the emissions’ origins were in areas with poor
performing gas extraction wells. But upon further investigation, methane emissions were
discovered to be emanating from the working face operations of the ten California landfills
extensively surveyed (Guha et. al., 2020).
The working face of the landfill is the location where the daily waste is being deposited,
compacted, and then covered. The landfill operator is largely responsible for proper management
of the working face, which can change either frequently or not substantially for one to two years.
Landfills change the location of their working face according to the fill plans generated by
landfill engineers to ensure the most efficient use of allowable airspace. Mitigating potential
landfill surface GHG emissions and odors begins with the landfill operator, by ensuring that
appropriate landfill cover is used at the working face. Additionally, proper implementation and
execution of best management practices (BMPs) is also necessary.
Landfill operators are required by federal law to place at least six inches of top soil or an
approved alternative daily cover (ADC) at the end of each work day. The use of a specific type
of ADC has to be approved by CalRecycle before being implemented into a landfill’s operations.
Up until this point, federal requirements have required that ADC be used for the primary
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purposes of preventing disease vectors, odors, fires, and controlling blowing litter. There is a
lack of direction by federal or state requirements in addressing the need for the ADC to also
suppress air emissions, primarily the GHGs methane and carbon dioxide.
Given the rise of quantifiable methane emissions from these studies, policy makers and
researchers have begun seeing the need for new management methods to address these
emissions. There is some existing scientific research that has focused on analyzing the varying
types of materials that can be used for alternative daily cover which might also have the ability to
oxidize methane (CH₄). The ADC being studied also have the potential to aid in carbon
sequestration as well, but further research and assessment are needed for both these uses.
Assessing the available options and methods of treatment for this area of concern is an important
environmental management issue to explore and better understand. Based on the comparative
analysis performed in this report, it is likely that if these landfill working faces are managed
more effectively, we can potentially reduce methane emissions from landfills and help reverse
the effects of climate change.
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Landfill Configurations in the United States
Landfills in the United States are very complex systems that are highly engineered with
precautionary management principles in place. American landfills also often have redundant
systems in place to ensure proper protection of public health and the environment. Since landfills
have the potential to affect our soil, water, and air, it is important to ensure they are managed
properly. The liquids generated through the landfill process can spread toxins into our water
systems and contaminate our soils if not adequately abated and controlled. Our air can become
polluted with dangerous VOCs, hydrogen sulfide, and other toxic air and greenhouse gas
pollutants, such as methane and carbon dioxide, if landfill emissions are not carefully managed.
A typical landfill site is first lined with a geomembrane liner on its bottom layer as it is
being established in order to prevent the spread of toxins from the waste that is buried, to deter
lateral gas migration, and to ensure that the liquids accumulated in landfills, known as leachate,
are properly collected and treated (Meyer-Dombard et al., 2020). These liquids are generally
formed as a result of organic waste decomposition or precipitation and can be heavily
contaminated with toxic chemicals as they seep through the waste in the landfills (Frumkin,
2016). The type of landfill configuration is dependent on the specific region of the country, the
weather patterns, soil characteristics, and types of wastes received at that landfill, and these
factors also determine the best management practices that are implemented.
As waste is placed and buried in the landfill it undergoes a series of aerobic and
anaerobic decomposition upon which landfill gasses (LFGs) consisting of approximately equal
parts methane and carbon dioxide are generated. Modern landfills in the U.S. are lined with
thousands of feet of headers and piping, known as gas collection wells, that act as a vacuum to
extract these LFGs. These accumulated biogases are then either routed to a flare for complete
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combustion and removal, or they are sent to a landfill gas-to-energy system such as a
cogeneration plant or internal combustion engines, where they can be cleaned, processed, and
converted into energy that can be sold back to the grid, as seen in Figure 2 below. For landfills
that have these gas-to-energy systems in place, ensuring an efficient gas collection and control
system is integral for their business and their bottom line. Landfills that primarily only rely on a
flare as an abatement device are not typically as incentivized to capture and collect these gases as
efficiently. This is why the U.S has stringent regulatory requirements that all landfill operators
have to abide by to ensure that emissions from these sources are adequately monitored and
minimized.

Figure 2: The typical landfill process schematic in the United States, from left to right. Waste is placed in the open
cell (working face) and covered. Over time, the gases generated are collected with gas extraction wells and are either
flared off or processed through internal combustion engines to recirculate power back to the grid for use or sale.

For areas of the landfill that are not yet at capacity but will not receive waste for more
than 180 days, landfill operators are required to have intermediate cover in place, which typically
consists of a layer of soil approximately 12” or more. Once sites reach max capacity after many
years, they are capped off with a layer of final cover. Even when they are closed or shut down
they are still required to monitor and control emissions. To do this, landfill operators typically
use a combination of thick geomembrane covers, vegetation, and/or a form of hydroseeding or
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phytocapping. This management practice also helps reduce dust, odor, and GHG emissions and
acts as a more permanent control technique. Regulations require landfill operators to continue to
monitor the landfill for thirty years after closure, due to the need to mitigate the landfill gases
that will continue to be generated and emitted. All aspects of landfill management seem to be
very well addressed by proper engineering and risk mitigation techniques, except those from the
working face.
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Fill Plans, Working Face, and Alternative Daily Cover
Before placing waste, landfill engineers are tasked with developing very stringent plans
for the filling of the landfill over time. These plans are referred to as fill sequencing plans, or fill
plans, and efficiently allocate the daily waste into one of the hundreds of cells or regions within
the landfill. As landfills are being filled on a day-to-day basis, landfill operators follow those
strict pre-designed fill plans. The fill plans designate what specific region/cell of the landfill is
filled on a day-to-day basis and to what specific height or airspace. Landfills are only permitted
to fill to certain airspace capacities. Therefore, preserving airspace is integral to the landfills’
bottom line and ability to operate over a longer period of time.
As daily waste is accepted into the landfill, it is dumped, spread, and compacted into a
designated cell. The area of a landfill that is designated for the acceptance of the daily waste is
called the working face (CARB, 2010). As seen in Figure 3, the working face location of the
landfill, which can change sporadically or remain constant for however long the landfill operator
decides, essentially lacks any proper engineering controls and mechanisms typically active on
other parts of the landfill. Landfill operators are required by federal law to place at least six
inches of topsoil or an approved alternative daily cover (ADC) at the end of each workday (40
CFR § 258.21; CalRecycle, 2020).
Typically, sites will use whatever is cheapest, whatever is available, or a material that
counts as diversion. Various types of ADC materials can sometimes count as diversion, meaning
that they do not have to count towards their available airspace limits. In California, the use of a
specific type of ADC material has to be approved by CalRecycle before being implemented into
a landfill’s operations. Some past approved ADC materials that count towards diversion have
been compost, sludge, tire shreddings, green material, ash and cement dust, treated auto shredder
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waste, construction and demolition waste (27 CCR § 20690(b); CalRecycle, 2020). Current
common practices at landfills employ the use of compost and biosolids as daily landfill cover but
those can also generate additional CH₄ and CO2 emissions if the material is not properly
degraded prior to placement (Chetri et al., 2019). Other approved materials that do not count
toward diversion are foam products, geosynthetic fabric or panel products (blankets), and sprayapplied cement (27 CCR § 20690(b); CalRecycle, 2020).

Figure 3: A typical landfill is lined with hundreds of cells that are filled with daily waste. The active portion of the
landfill is referred to as the working face. At the end of each workday, the landfill operator is responsible for
ensuring that 6” of ADC is placed on top of the waste to prevent vectors, fires, and windblown debris.

During the variable period of time in which a cell is being filled (used as a working face),
whether it be one week to a month, landfill operators typically shut off the negative pull or
vacuums from any wells at and adjacent to the working face. This is done for a few reasons. First
are foremost, it is done to prevent hazardous and unsafe explosive situations for the operators.
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Additionally, these shut offs are in case of oxygen intrusion that may potentially skew the gases
collected (CH₄ and CO2) and create an imbalance of the ideal gas profile the landfill engineers
would like to achieve. Lastly, this is done to allow the landfill operator to perform any as-needed
modifications to existing gas extraction systems in that region. These may include things such as
well-head tuning or repairs and well- head raising to adjust to the rising heights of waste in those
areas.
Given that typical fill plans have many adjacent cells in the same regions being filled
sequentially to a certain height, many areas of the landfill have the potential to remain without an
adequate amount of gas extraction wells online. Sometimes there is a delay in an operator's
ability to bring the wells within recently filled cells back online. Operators have to carefully
coordinate with their landfill repair technicians to ensure that wells are functioning properly and
safely. This can cause a delay at times, especially if there are many affected wells in the regions
of the past working face locations. It could also take some time before landfill operators are able
to place proper intermediate cover in these regions to suppress emissions.
Additionally, it is important to note that landfill regulators are prohibited from
performing surface monitoring inspections at these locations. The CARB’s Landfill Methane
Rule (LMR) 17 CCR § 95466 (a) states that “The requirements of section 95465 (Surface
Methane Emission Standards) do not apply to the working face of the landfill.” Similarly,
BAAQMD’s Regulation 8 Rule 34 Section 118 limited exemption states: “The requirements of
Sections 8-34- 303 (Landfill Surface Requirements) shall not apply to the working face of the
landfill.” These requirements are inserted in the same section of construction activities, so it is
uncertain whether these mandates were meant as a blanket exemption at the working face or only
while performing construction activities. But nonetheless, this has been an oversight and the
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solid waste industry has been allowed to not monitor or be subject to inspection in these regions
used as the working face, due to the language in the regulations. Local agencies have to abide by
what the state legislature mandates, therefore it is evident that these changes need to be placed
into action from the state level.
Given these historical regulations, landfill regulators have been unable to monitor and
collect information at the working face for decades. Therefore, little to no data exists at the
ground-level to monitor these ongoing emissions. Researchers have recently discovered via
remote sensing technologies that methane gases generated from older waste previously buried
underneath that region is slowly seeping out in an uncontrolled manner when ADC is removed
from the working face on a daily basis (Cusworth et al., 2020; Guha et al., 2020). There is a
clearly demonstrated need to rethink the applicable regulations, the industry's best management
practices, and to also study potential methane-oxidizing ADC amendments that can more
strategically manage these unaccounted emissions. It is evident that not much, if any, thought has
been put into the use and application of strategic ADC to oxidize methane. It is important to start
looking into possible ways to limit the potential impacts the working face can have on landfill’s
GHG emissions and uncertain inventories.
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Current Methane Hotspots Research in California
In 2015, Assembly Bill 1496, Methane Hotspots Research, was signed into legislation by
the Governor of California. This bill aimed to quantify and identify the primary methane emitters
and industries in California though advanced remote sensing technologies. This effort, funded by
CARB, was done in collaboration with NASA’s Jet Propulsion Laboratory (JPL) and Scientific
Aviation. The overview of the scope of the project can be seen in Figure 4. The initial portion of
these studies were conducted by satellites to identity hot spots using remote sensing technology.
The subsequent phase took place on airplanes equipped with technologies that were able to
conduct area-wide flux estimates that allowed them to quantify methane emissions for every
facility of interest in California.

Figure 4: The tiered observation system in AB 1496 involved a top-down approach, starting with a
satellite remote sensing effort that identified high methane regions across the state. This was followed by
targeted fly overs where the total methane flux by in the Phase 1 report of the project in 2016.
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Over one of the initial courses of this study, a total of 270 landfills across the state of
California were surveyed using the Airborne Visible/Infrared Imaging Spectrometer (AVIRISNG) (Cusworth et al., 2020). Although there were only 32 landfills observed with a consistent
methane plume, they accounted for 41.3% of the total methane emissions from the entire study
comprising 436 flights which took place over other types of waste management facilities
(Cusworth et al., 2020). Heavy methane plumes were detected over the working face of the
landfill, as seen in Figure 5.

Figure 5: Researchers discovered methane emissions to be emanating from the working face of the landfill
during their flyover surveys (Cusworth el at., 2020).

Upon the completion of the study, landfills were identified as one of the super methane
emitters across the state in Phase 1. This meant that they were part of the 10% of sources that
accounted for nearly 50% of the methane emissions in the state. The subsequent phase of this

21

LARA

MASTERS PROJECT

ENVM-698-02

study involved comparing the aerial data to ground level site-specific operations. Local air
districts around California were tasked with taking the results from the initial study and
investigating where emissions were coming from. Conventional thinking would lead one to
believe that the emissions’ origins were in areas with poor performing gas extraction wells. But
upon further investigation, as seen in Figure 6, methane emissions were also found to be
emanating from the working face operations of the ten California landfills extensively surveyed
(Guha et. al., 2020).
In the San Francisco Bay Area region, researchers also found that the GHG emissions
inventory self-reported by facilities to the EPA from 2016-2018 for this sector did not match the
actual calculated mass-balance emission rates from the 34 measurements over the ten landfills
(Guha et al., 2020). A possible explanation is that current federal requirements require facilities
to perform their methane emissions calculations based on waste-in-place estimates, but these are
not entirely accurate because of the potentially highly variable landfill conditions and
management practices that could easily skew emissions calculations.

Figure 6: Remote sensing research recently conducted has found the presence of methane plumes over
the working face of landfills over the course of numerous flyovers in the state of California (Guha
et al., 2020).
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This research was also done on other sites, including refineries, wastewater treatment
plants, composting facilities, and dairy farms. Compared to those sites, landfills were the most
underreported sector at 61 Gg on the bottom-up reported emissions compared to 137 Gg from the
top-down actual estimated measurements (Guha et al., 2020). When converted, that's equal to a
difference of nearly 84,000 tons of unaccounted methane emissions. For landfills in the San
Francisco Bay Area in particular, the emissions inventories were drastically underreported, as
seen in Figure 7. Researchers found that a potential reason for this was due to current landfill
inventories and calculations not being designed to account for these emissions from the working
face. The thought process has been that fresh waste is still aerobic and not undergoing
decomposition yet, so traditionally it had never been a metric to account for. The researchers
posit that the active or working face of landfills are allowing methane to permeate from the
deeper layers of the landfills, which have already begun anaerobic decomposition, leading to
elevated emissions, a factor which had been previously overlooked (Guha et al., 2020).

Figure 7: Recent top-down emissions calculations have discovered discrepancies in the reported emissions
versus the actual emissions at landfills across the state of California (Guha et al., 2020).
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Methane-Oxidation and Methanotrophs
In order to reduce methane emissions from landfills, methane needs to be oxidized.
Within landfill cover soils are a group of microorganisms that are largely responsible for
methane oxidation called methanotrophs. Methanotrophs rely on methane for energy and growth.
As seen in Figure 8, these methanotrophs consume methane in the presence of oxygen and these
reactions result in CO2 and water. Varying types of microbial families and community structures
play a key role in CH₄ oxidation. The three groups of methanotrophs are Type I methanotrophs
(Methylococcaceae), Type II methanotrophs (Methylocystaceae, Hyphomicrobiaceae, and
Rhizobiaceae), and non-methane using methylotrophs (Methylophilaceae, Rhodospirillaceae, and
Comamonadaceae) (Huang et al., 2019). In study conducted by Huang et al. (2019), it was found
that the bacterial family, Methylocystaceae, was the most dominant and was observed in all of
their samples. It is therefore their belief that this bacterial group is the one primarily responsible
for CH₄ oxidation (Huang et al., 2019).

Figure 8: The biogeochemical reactions that occur beneath the landfill surface can be affected by using
the appropriate type of landfill cover with methane-oxidizing properties as seen in the figure (Gebert et al.,
2016).
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There are two main groups of methanotrophs, Type I and Type II, which are known to
thrive in different environments. Type I methanotrophs are organisms that thrive in oxygen-rich
environments and can oxidize methane at temperatures from 2 to 10℃ (Sadasivam and Reddy,
2013). Researchers have found that factors effecting methane oxidation in landfill covers can not
only depend on methane and oxygen ratios, but also on other environmental factors such as the
landfill soils textures and moisture content, as well as its inorganic nitrogen content, temperature,
moisture content, and pH (Sadasivam and Reddy, 2013).
It is important to understand the CH₄ mass balances calculations that are involved in CH₄
oxidation, seen in Figure 9. Landfills are multifaceted systems, and in order to properly analyze
CH₄ oxidation rates, it is important to take other factors into account such as CH₄ recovered, CH₄
emitted, and the lateral migration rates of CH₄ (Scheutz et al., 2009). The three most important
factors needed to make accurate methane-oxidation calculations are examining meteorological
conditions, landfill cover conditions, and the waste characteristics and landfill management
(Scheutz et al., 2009). In essence, as summarized by Scheutz et al. (2009), methanotrophic CH₄
oxidation in cover systems is an effective landfill management tool, second only to proper gas
extraction wells and engineering practices.
It has been found that the greatest Methane-oxidation potential occurs approximately 20
cm, or approximately 7-8 inches, below the surface, further indicating the importance of
choosing the right amendment type with optimal properties and characteristics for use as landfill
daily cover. The landfill covers play an important role in mitigating emissions and in the
pathway to converting CH₄ to CO2 via methanotrophs further reduce emissions by oxidizing the
methane created by the decomposition process at these sites. Many studies have performed an
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elaborate, in-depth analysis of methane-oxidation in landfill cover soils (Scheutz et al., 2009;
Pecorini et al., 2020; Henneberger et al., 2011; and Meyer-Dumbard et al., 2020)

Figure 9: As waste undergoes aerobic and anaerobic decomposition, it is essential to have the proper
type of cover in place to enhance the CH₄ mass balance process (Scheutz et al., 2009).
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Comparative Analysis Overview
Fugitive landfill gases (LFG) from municipal solid waste (MSW) landfills are the third
most potent greenhouse gas (GHG) emitters in the United States (Rai and Reddy, 2019).
Typically, better management of landfills is thought to be achieved through studying the gas
compositions of the wellfield and by installing additional LFG extraction wells where needed.
Recent research has confirmed that better management is needed at the working face of the
landfill, where methane emissions are escaping unabated. As discussed in detail in prior sections,
active landfills have a designated portion of the landfill, referred to as the working face, where
topsoil is removed and fresh garbage is buried, beginning the decomposition process and
generating LFG. These regions of the landfill require surrounding LFG wells to be shut off due
to safety concerns for unknown periods of time and results in lack of proper methane collection
and control. This highlights a potential oversight of unaccounted methane emissions for the
various overseeing landfill regulators.
While federal regulations require the working face of a landfill to be covered with
alternative daily cover (ADC) at the end of each workday to mitigate any potential odors, this
cover material generally only consists of soil (Rai and Reddy, 2019). Very few studies exist that
attempt to test the effectiveness of ADC not only meet these federal requirements, but to also
suppress methane emissions and the subsequent odors (Choi et al., 2018). While there have been
extensive case studies performed regarding the final treatment and remediation of landfill covers
at closed landfills, comparably few studies have been done on open and active landfills,
especially for emissions from the working face. Researchers have recently begun testing new
methods and types of materials that can be used as ADC and have the capability to oxidize
methane (CH₄) while also aiding in carbon sequestration. In the following sections I will assess
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and compare the various types of biogeochemical amendments currently being tested and
researched to determine which possible method or methods may be the most advantageous at
oxidizing CH₄ and sequestering carbon. The three amendments I will be discussing below are
biochar, BOF slag and biotarping/biocomplex textiles.
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Biochar
Introduction to Biochar
Biochar is a carbon-rich byproduct of the process of thermal decomposition of biomass in
the absence of oxygen (Reddy et al., 2015; Lehmann and Joseph, 2009). Biochar has historically
been utilized in soil management applications. Biochar and its soil management properties have
long been known about and described as “fire manure” in ancient Japanese texts on agriculture
dating back to the late 1600s (Lehmann and Joseph, 2009). It is believed to have originated in the
Amerindian populations in the Amazon Region in pre-colonial times, historically known as
Terra Preta de Indio (Lehmann and Joseph, 2009). While biochar’s beneficial uses were
previously mostly forgotten, interest in it’s application has been renewed by scientific
researchers due to its soil fertility and sustainability potentials that have recently been
rediscovered (Ahmad et al., 2014).
Researchers have newly unearthed the positive effects that biochar can have on the
improvement of soil productivity, soil remediation, and climate change mitigation (Paz-Ferreiro
et al., 2018). As a result, biochar has many implications for environmental management. While
biochar has the potential to have significant environmental benefits, such as sequestering carbon
and reducing greenhouse gas emissions, it also has a number of added economic benefits (Wang
et al., 2020). Biochar that is produced by facilities has the capability to generate revenue from
biochar sales, reduce disposal costs, and can produce natural energy in the process (Wang et al.,
2020). Due to the rising intertest in biochar, the International Biochar Initiative (IBI) was
founded in 2007 in Australia in order to facilitate collaboration amongst scientists and policy
makers to help encourage progress in this area of research and the potential implications thereof
(Lehmann and Joseph, 2009).
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Physical and Chemical Properties of Biochar
Due to the favorable carbon-rich composition of biochar, scientists have gained interest
in researching the viability of using this product for soil amendments and to stimulate bacterial
growth (Wong et al., 2019). Due to its composition, biochar has ideal physicochemical and
biological properties that make it a favorable option for improving soils (Ahmad et al., 2014).
Biochar has a high surface area and high porosity, giving it a greater water holding capacity,
cation exchange capacity, and surface absorption potentials (Reddy et al., 2015). These factors
make biochar especially appealing as a soil amendment.
Biochar typically has a neutral to alkaline PH and can have varied results in application
(Ahmad et al., 2014). The PH of biochar depends on the feedstock material and the means of
production (Yuan et al., 2019). Biochar can vary in size and physical structure depending on the
feedstock and pyrolysis specifications used to make it (Lehmann and Joseph 2009).
The applicability of biochar, its usefulness, and the effectiveness of its usage requires
further research and refinement and necessitates a case-by-case approach as many factors must
be taken into consideration to ensure best results. The production of biochar requires the
implementation of a consistent process and a proper understanding of how to obtain optimal and
predictable results (Wang et al., 2020). As biochar technologies are further researched,
developed, and conducted, the quality of biochar will continue to be refined and fine-tuned for
each needed application.
As seen in Figure 10 below, the physical characteristics of biochar, primarily the high
water holding capacity and high porous surface areas, allow it to be used in various potential
applications. Microorganisms, such as methanotrophs, are able to live on biochar’s surfaces and
pores due to its high porosity (Wong et al., 2019). The chemical properties it possesses typically
provide it with both a high pH and high nutrient exchange capabilities. Combining the benefits of
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both the physical and chemical compositions of the material allows biochar to be useful for many
applications in environmental management.

Figure 10: The chemical and physical properties of biochar provide an abundance of soil remediation
benefits while simultaneously possessing the ability to sequester carbon and mitigate GHGs (Oliveira
et al., 2017).

The Process of Pyrolysis and its Relation to Biochar
One of the primary methods of producing biochar is through a process called pyrolysis.
Pyrolysis consists of the thermal decomposition of biomass in the absence of oxygen (Mohan et
al., 2006). Biomass consists of various types of organic materials, such as wood, agricultural
residues, sewage, and manure that can be burned or processed to create energy (US EPA, 2014).
The operating parameters that are directly tied to the quality of biochar produced, regardless of
feedstock, are: heating rate, highest treatment temperature, pressure, reaction vessel, pretreatment (drying), the flow of inputs, and post-treatment (Lehmann and Joseph, 2009). Pyrolysis
turns this organic material into a solid, liquid, or gas simply by heating (Mohan et al., 2006).
Pyrolysis, while similar to incineration, offers key benefits that make it less toxic and more
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beneficial. Pyrolysis uses less flue gas compared to incineration while also diminishing the
amount of acidic gases and dioxins formed (Paz-Ferreiro et al., 2018).
There are two primary forms of pyrolysis: fast and slow pyrolysis. Conventional methods
used for hundreds of years typically utilized the slow pyrolysis strategy through which lower
temperatures are used to allow for more steady and consistent heating rates while allowing for
vapors accumulated to gradually escape, also known as a shorter residence time (Mohan et al.,
2006). The biochar produced from slow pyrolysis has been found to contain a higher content of
dissolved organic carbon making it less porous and more suited for the removal of inorganic
pollutants (Oliveira et al., 2017). The generation of bio-oil is typically a product of slow
pyrolysis due to the vapors produced containing condensable and non-condensable components
(Wang et al., 2020).
Fast pyrolysis is a more modern process in which higher temperatures are used in
conjunction with shorter residence times (Mohan et al., 2006). The residence time and
temperature used during pyrolysis play a large role in the varying yields of biochar and quality of
biochar produced (Wang et al., 2020). The carbon content of biochar and its specific surface area
(important for absorption) are associated with biochar produced with higher pyrolysis
temperatures, due to the shorter residence time of vapors within the pyrolysis chamber (Wang et
al., 2020). As seen in Figure 11 below, an analysis under a microscope shows that biochar has
honeycomb-like pores, where size of surface areas vary depending on the temperature used for
thermal treatments (Lehmann and Joseph, 2009). Depending on the feedstock (material used) and
treatment, fast and slow pyrolysis have the capability to produce three forms of energy
throughout their phases: biogas, bio-oil, and biochar (Paz-Ferreiro et al., 2018). Slow pyrolysis
typically produces bio-oil and fast pyrolysis typically produces biogas.
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Figure 11: The microscopic analysis of the honeycomb-like physical composition of biochar shows that
pore sizes can be altered by varying heating temperatures (Lehmann, J., & Joseph, S., 2009).

A higher pyrolysis temperature is indicative of a shorter residence time before the
pyrolysis vapors are released from the pyrolysis chamber (Wang et al., 2020). The residence time
that these vapors spend in the pyrolysis chamber affect the quality of the gas produced. The
higher temperature used for pyrolysis is regarded as one of the most important aspects of the
process, primarily due to the fundamental physical changes that occur and which can affect the
final substance that is created (Lehmann and Joseph, 2009). Recent trends have indicated that
biochar produced at higher temperatures in the pyrolysis process tends to be correlated with
higher prices of the final product, because biochar with a greater surface area and better porosity
is created in this process (Huang et al., 2019).
As previously stated, biochar production via pyrolysis is also heavily reliant on the
feedstock type and particle size. In slow pyrolysis the feedstock particle size, presence of a
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catalyst, and atmosphere also play a critical role in the final quality of the biochar product (Wang
et al., 2020). Other important factors to consider when producing or obtaining biochar are the
method by which it was created (fast or slow pyrolysis) and what was used to make it. Typically,
the categories upon which biochar is compared and rated on are related to its final carbon
content, PH value, specific surface area, porosity, and nutrient composition (Wang et al., 2020).
The final properties of biochar produced will depend on the feedstock, type of pyrolysis used,
and the temperature reached during processing (Paz-Ferreiro et al., 2018).
In summary, while pyrolysis is not a new concept and has been around for thousands of
years, its newfound benefits related to its ability to produce biochar can prove beneficial for our
soil environments. While the two main forms of production include fast and slow pyrolysis,
those are differentiated primarily by the operating parameters upon which the process occurs.
Both methods produce different results and work best with their appropriate types of biomass,
feedstock, and specific determined application. Temperature, residence time, and heating rate
greatly affect the quality of biochar produced. Every method is also heavily dependent on the
type of biomass feedstock being introduced into the process.
Transforming Biosolids into Biochar
For the purposes of this report, there will be an emphasis and particular focus on biochar
which has been produced from biosolids, as opposed to biochar produced from other types of
biomass. Biochar can be a byproduct of the biosolids originating from municipal wastewater and
sewage treatment plants (STP) if they are properly engineered with pyrolysis systems in place.
The STP process in the United States typically consists of four stages: preliminary, primary,
secondary, and tertiary treatment. Preliminary treatment is where screening and grit removal
occurs. Primary treatment is where additional suspended solids are removed. Secondary
treatment is where organic matter is broken down and biological activity takes place. Tertiary
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treatment is not always needed or implemented but it is where additional disinfecting treatments
occur. Some STPs may have further treatment stages and processes, such as lime injection,
anaerobic digestion, and UV disinfection. There is an abundance of potential process flows and
the particular processes in place are typically reliant on the upfront capital funds available or the
historical needs of that municipality which the STP services.
All the solids screened out during the wastewater treatment process are initially referred
to as sewage sludge and, once they are treated per the EPA standards of pollutant and pathogen
requirements for land application and surface disposal, they are characterized as biosolids (US
EPA, n.d.). Anaerobic digesters are the most common method to treat sewage sludge. Anaerobic
digesters break down all the organic matter by using microorganisms in the absence of oxygen
(Tian et al., 2020). Once the sludge is treated in the digesters to the point at which it sufficiently
meets the definition of a biosolid, it typically goes through an extensive drying process. STPs
either process biosolids through a belt press or lay them out in drying beds. Biosolids vary in
organic content, but are typically comprised of a 50% breakdown of organic matter and are
nutrient-rich in organic materials (Lu et al., 2012). It should be noted that the nitrogen and
phosphorus removed by the STP process is often retained in the residual biosolids produced
(Tian et al., 2020).
Per the EPA, the use of biosolids in the U.S. varies by municipality, but biosolids are
either landfilled, incinerated, or used for various approved agricultural means. Figure 12, below,
shows a breakdown of the uses of biosolids in the U.S. in 2019. According to the EPA, there
were a total of 4.75 million dry metric tons (dmt) of total biosolids generated in 2019 alone. Out
of those generated biosolids, approximately 2.44 million dmt were applied to agricultural land
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and non-agricultural land. About 765,000 dmt were incinerated and the remaining 1 million dmt
were landfilled.

Figure 12: In 2019, more than half of the biosolids generated in the U.S.
were used for agricultural land and remediation sites as a means of land
application (US EPA).

Biosolids have to follow stringent regulations to ensure they are free of contaminants and
approved for disposal. Biosolids are typically treated and dried in drying beds which take a full
year to harvest. These operations also require a large land-use footprint and pose many land-use
concerns. During the processing and off-hauling of dried biosolids, there is serious potential to
contribute to a significant amount of unpleasant odors and air quality concerns, stemming from
the volatile organic compounds (VOCs) and hydrogen sulfide (H₂S) potentially present in the
biosolids and the particulate matter (PM) 10 and (PM) 2.5 emissions generated during these
processing and off-hauling events. This is labor intensive for the STP operator and also costs the
municipality large amounts of money to process, maintain, and dispose of this accumulated biowaste. As shifts in state, local, and federal regulations are implemented, the permitting of these
operations may no longer be allowed. Therefore, the handling of this bio-waste product from the
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municipal STPs will have to pivot. The need for more sustainable management of this product
will be necessary.
Luckily, integrating pyrolysis systems into STPs may not require a major overhaul of the
existing facility. Current commercially available pyrolysis systems offer the benefit of a plugand-play type of operation that can easily be added to the backend of existing STP layouts. As
seen in Figure 13 below of a typical STP process flow, given that pyrolysis occurs at the very
end of the operation after anaerobic digestion, it can be easily integrated into existing systems.
Rather than needing the construction of an entirely new operation, this process can be added
seamlessly to existing operations. This means that smart retrofitting a STP and expanding it to
incorporate pyrolysis can be less capital-intensive and minimize the land needed, making the
STP’s overall operations more effective than the current biosolids treatments used (Tian et al.,
2020).

Figure 13: This figure demonstrates a process schematic at a STP where anaerobic digestion is used for
sludge treatment.. In a conventional STP the residual biosolids are landfilled. This process shows the ease
in integrating a pyrolysis system after the dewatering process in order to generate biochar and biogas from
the otherwise unused biosolids (Tian et al., 2020).
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In summary, treating biosolids through pyrolysis provides a two-fold benefit. It reduces
the total volume of biosolids needing to be dried and disposed, which means land and money are
saved. It also simultaneously kills pathogens while creating a biochar byproduct which is rich in
carbon, nutrients, and cation exchange capacity (Paz-Ferreiro et al., 2018). Biochar derived from
biosolids can also mitigate the negative impacts from biomass waste (by preventing them from
being landfilled) and can upcycle the biosolids generated at the STP through pyrolysis (Tian et
al., 2020). Sewage sludge derived biochar can also pose a sustainable management option for
infertile soils (Wong et al., 2016). Finally, the biochar created represents another possible
renewable energy source in the gases generated during pyrolysis in the reactor.
As sewage treatment plants eventually shift to treating their sludge through pyrolysis
reactors, resulting in biochar as the by-product, there will be an opportunity to reuse the material
already being generated and utilize it in order to reduce GHGs by repurposing it as ADC. Since
biochar research is in its infancy, the possibilities of additional potential benefits that can be
uncovered are endless.
The Role Biochar Plays in Carbon Sequestration
Studies have shown that biochar has the potential to positively affect the carbon cycle.
The production of biochar is advantageous due to the transformation of the carbon that is
typically present in organic biomass waste into a more stable form that can remain in the soil for
thousands of years (Lehman, 2007). Through the processes of photosynthesis, the production of
biochar removes CO2 from the environment via the transformation of the various forms of
biomass in its conversion to biochar (Oliveria et al., 2017). Biochar has also been found to act as
an electron sink to sequester carbon from the environment (Zhang et al., 2019).
Present Research Related to Biochar use at Landfills
One of the most known and commonly implemented uses of biochar has been in soil
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remediation. Given the newfound benefits of biochar and the fine-tuning of the proper
production methods for biochar, the possible applications for this material are beginning to
expand. As we learn more about biochar’s traits and characteristics, scientists have begun testing
the use of biochar at landfill operations. Biochar has been found to provide a favorable
environment for methanotrophs which are the microorganisms responsible for oxidizing
methane. Recent studies have assessed the benefits of using biochar as landfill cover in order to
oxidize methane and reduce greenhouse gas emissions from landfills, finding favorable results
(Reddy et al., 2015).
Emerging research related to the use of biochar as ADC in order to oxidize methane and
reduce greenhouse gas emissions from landfills has been encouraging thus far. In one study by
Huang et al. (2019), a series of batch experiments were conducted to observe the methaneoxidizing capabilities of biochar amended soil simulated in a lab. In this study, researchers also
evaluated the results of biochar produced at various temperatures and observed their performance
in CH₄ oxidation by measuring the varying headspace concentrations of methane. This was done
in order to find the optimal temperature during pyrolysis to achieve the lowest methane
emissions once used as a landfill cover. The researchers performed daily calculations to examine
the methane-oxidation efficiency of a series of six groups in triplicate, all containing differing
amounts of soil to biochar ratios ranging from 2.49% by volume to 15% by mass. The
calculations used by Huang et al. (2019) to determine the total emissions are shown below:
Daily CH₄ oxidation rate=

("! #"" )⋅&⋅'#$%
&& ⋅(⋅)

Cumulative oxidation mass of CH₄=

("! #"'() )⋅&⋅'#$%
&& ⋅(

Where, 𝐶! , 𝐶" , 𝑎𝑛𝑑 𝐶#$% are the initial, next day, and final methane concentrations of
each bottle everyday. V is the bottle volume, 𝑉& is the molar volume (25.3 L 𝑚𝑜𝑙'" ) ,
and 𝑀()! is the molar mass of methane (16 g 𝑚𝑜𝑙'" ), m is the amount of soil mixed with
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biochar, and t is the interval of time between measurements.

Huang et al. (2019) found a correlation with a high pH and larger micropore area to a
higher pyrolysis temperature. A large micropore area is optimal for CH₄ adsorption but too large
of a surface and too high of a pH has been found to provide an unstable environment for
methanotrophic activity (Huang et al., 2019). Therefore, it has been noted, particularly for this
specific feedstock and mass ratio of biochar to soil, that too high of a pyrolysis temperature may
not be advantageous for CH₄ oxidation. Huang et al. (2019) also noticed an increased cation
exchange capacity in biochar-amended soils, indicating greater nutrient holding efficiency, an
important factor in soil fertility. They found that the samples that contained biochar had a higher
water-holding capacity and could directly positively affect the ability to oxidize methane. Huang
et al.,(2019) observed an improvement in the water-holding capacity across all samples analyzed
regardless of the temperature used for pyrolysis.
In Huang et al.’s study (2019), they also found that the soil characteristics of bacterial
community structures, as seen in Figure 14, were altered by the presence of biochar, when
compared to control samples consisting of only soil. All biochar amended soils generally had a
greater presence of the microbial group Methylocystaceae, which is suggested as the primary
microbial family in playing a key role in converting CH₄ to CO2 (Huang et al., 2019).
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Figure 14: The first column represents the typical community structures of methane-oxidizing bacteria
(MOB). In Huang et al. (2019), biochar produced at different temperatures (S2-BC300 is biochar
produced at 300℃) showed an increased presence of methylocystacae (methanotrophs) and changes to the
general bacteria structure when compared to control samples that only contained plain soil (S2).
Biochar-amended soils demonstrated similar soil structures to that of MOB structures (Huang et
al., 2019)

Huang et al. (2019) discovered that biochar produced at 400 degrees Celsius stimulated
the presence of Type II methanotrophs in landfill cover soils. Huang et al. (2019) were able to
conclude that the biochar amendment to the simulated landfill covers had a direct effect on the
abundance of the Type II methanotrophs in the Methylocystaceae family. They observed greater
CH₄ oxidation capacity when a greater amount of Methylocystaceae were present as opposed to
the other microbial groups and found that the placement of biochar in landfills over time as it is
covered and compacted within the layers of the landfill may provide that soil community with
more electron receptors (Huang et al., 2019). The researchers found that this could also present
conditions where anaerobic CH₄ oxidation could take place, making further emissions reductions
possible. Given the results of their study, evidence suggests that biochar can serve as a successful
alternative to the typical plain soil currently used at landfills when used correctly (Huang et al.,
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2019). Overall Huang et al. (2019) concluded that biochar could provide many advantages to the
landfill cover soil, including, improved water holding capacity and gas permeability, higher
nutrient content, more electron receptors, exchangeable cation retainment, and the introduction
of iron ions.
Zhang et al. (2019) conducted one of the first studies analyzing the microbial reduction of
biochar by anaerobic methanotrophs; their study involved the incubation of vials placed with 2
mL of methane and either 0.04g or 0.08g of commercially produced biochar. The control was
placed with 2 mL of argon gas instead of methane. These vials were incubated for a prolonged
period of time and the headspace concentrations in each were measured throughout. Zhang et al.
(2019) found that biochar is likely to act as an electron shuttle to promote the anaerobic
oxidation of methane (AOM) through electron transfer. They further found that biochar can
effectively enhance the methanotrophs ability to oxidize methane even in anoxic environments;
where previous studies have only documented the CH₄ oxidation in aerobic environments, this
was a groundbreaking finding (Zhang et al., 2019).
Reddy et al. (2015) found that when used as landfill cover, biochar possesses physical
and chemical properties that can reduce methane emissions due to its ability to increase retention
time and enhance biological activity to stimulate methanotrophic CH₄ oxidation. Additionally,
other studies have found that biochar increased the soils pH, organic matter, and nutrient
contents of the topsoil (Wong et al., 2019). Table 1, below, shows the summaries of the results of
the major studies reviewed for this report.
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Table 1: Summary of Findings in Biochar Case Studies
Study

Conditions of
Experiment

Huang et
al., 2019

Batch experiments
performed in a lab,
comparing biochar
produced at varying
temperatures, with
varying amounts of
soil to biochar ratios.

Cottonwood
shavings

Sieved to <
2mm. Oven
dried at
105℃ for
>72 hours

300-600℃ /
~ 570 1100℉

20-50 min

Pyrolysis temperature of 600℃
caused too acidic of a pH creating
an unstable environment for
methanotrophic bacteria. A
pyrolysis temperature of 400℃
created optimal pore size and pH
for CH₄ oxidation.

Used commercial
product, “Triple R
Biochar.” Multiple
4.5 mL vials were
given 2 mL of CH₄
gas (2 mL argon gas
for control) and
either 0.04 or 0.08g
of biochar. The
headspace
concentrations of
vials were measured
at various time
intervals during
incubation to
observe the CH₄
oxidation
effectiveness.

Plant
material

Ground,
sieved to 40
µm, rinsed
and dried at
80℃. Placed
in vacuum
chamber
overnight for
oxygen
removal

600-650℃ /
~ 11001200℉

Per
commercial
standards

One of the first studies to analyze
the microbial reduction of
biochar. Found that biochar
successfully mediates AOM due
to inherent redox-active
functionalities. Found that biochar
can effectively enhance the
methanotrophs ability to oxidize
methane even in anoxic
environments.

The efficacy of using
biochar as a final
cover layer was
analyzed.

Mixture of
peanutshell and
wheatstraw

Sieved to
10mm.
Nitrogen gas
injected
during
cooling
process

500℃ /
932℉

30-40 min

Biochar was found to effectively
enhance soil bacterial
communities and stimulate
methanotrophic methaneoxidation.

Nine simulated
landfill reactors
consisting of four
units each: landfill
unit, cover unit,
environmental unit,
and gas/leachate
collection unit.
Landfill cover
materials tested were
biochar-added
sludge compost and
fresh clay soil.
Analyzed for 30

Sludge
compost
and clay
soil

Sieved to
2mm.
Reactors
added with
3.6 kg of
mixed dry
cover to 5cm
height.
Water
contents
adjusted to
10%, 20%,
30%.

Not reported

Not reported

Odor removal characteristics and
microbial community activity in
cover layers were analyzed.
Results showed that biocharadded sludge compost was the
most effective ADC material for
odor control.

Region China

Zhang et
al., 2019
Region Australia

Wong et
al., 2019
Region China

Ding et
al., 2019
Region China

Biomass
Feedstock
Type

PreTreatment
Type

Temperature
of Pyrolysis

Residence
Time

Results
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days.

Reddy et
al., 2015
Region United
States

Used commercial
product by Chip
Energy, Inc.

Wood
pellets

6mm pellets
were sieved
to #10, 20,
and 40.
Samples
were mixed
with 20%
deionized
water.
Samples
were
amended
with 5%,
10%, and
20% biochar
to soil ratios.

520℃ /
968℉

Per
commercial
standards

The type of feedstock will impact
biochar’s final organic content
value. Biochar with high organic
matter can help increase the
cation exchange capacity (CEC)
of biochar-amended soils. As
biochar particle size decreased,
the CEC became higher. The
addition of biochar also increased
the pH of the soil. The overall
results indicate that the shear
strength of biochar-amended soils
increases and can help with slope
stability when compared to plain
soil.

Potential Limitations of Biochar:
One important thing to consider during review of literature and in further research
conducted on biochar is its variability and potential for skewed data based on imprecise and
vague processes used in the field (Lehmann and Joseph, 2009). Given the intricacies of
producing biochar, which are highly reliant on the consistent pre-treatment of feedstock and its
processing during pyrolysis, it can be easy to lose track or have difficulty repeatedly quantifying
these variable conditions. When evaluating the effectiveness of certain processes being
researched, it is important to ensure that careful measures take place in each study in order to
effectively replicate and compare the viability of results. Variability in the processes can easily
affect the final biochar product and could potentially lead to a misinterpretation of findings. As
stated in Wang et al. (2020), the optimum properties of biochar are dependent on its intended end
uses.
The quality of biochar and its composition can vary greatly depending on feedstock types
and pyrolysis conditions, so future research should focus on tuning the properties of biochar
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production for the specific applications in which it will be used (Oliveira et al., 2017). In Huang
et al. (2019), researchers found that potentially using too high of a biochar to soil ratio (per
volume) could cause detrimental effects to the bacterial activity community structure and they
also found that too rich of a biochar ratio could potentially cause negative effects in the layers of
the landfill over time and may create aerobic conditions where they were previously not present.
A more long-term analysis is necessary to understand the potential negative and positive hidden
ramifications of biochar use. Additionally, further research into using biochar derived from
biosolids needs to be studied to more thoroughly assess its efficacy.
There could also potentially be much scrutiny surrounding toxic air quality contaminants
being released from the pyrolysis process. The refinement of operational parameters, including
proper pre-treatment (drying) of biosolids and consistent application of specific temperature in
pyrolysis to ensure that air emissions are minimized and properly abated during the process, are
integral factors to reducing potential scrutiny and unwanted complications.
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Basic Oxygen Furnace Slag
Introduction and Sourcing of Basic Oxygen Furnace Slag
The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change
(IPCC) has reported that the iron and steel industries account for over 5% of the world's CO2
emissions (IPCC, 2014). Not only are these GHG emissions created at an alarming rate from this
process, so are the waste products. Iron and steel slags are a byproduct of the combination of the
impurities and the agents during the iron and steel making process (US Geological Survey,
2020). The disposal of slags is a major issue for the iron and steel industries as large surfaces are
required for disposal (Dhoble and Ahmed, 2017). The main types of byproducts produced during
the steel and iron manufacturing are blast furnace slag, basic oxygen furnace slag, ladle slag and
EAF slag (Naidu et al., 2020). The type of slag produced depends on the process and technology

Figure 15: An overview of the process flow in the iron and steel manufacturing industry, where slags are
the primary waste products (Reddy et al., 2019b).
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used during manufacturing. As seen in Figure 15 above, the various types of slag are produced
throughout the various stages of the iron and steel making process (Reddy et al., 2019b).
In 2019, the worldwide crude steel production was 1.86 billion tons (World Steel
Association, 2020). Of that, it is estimated that the total steel slag production in 2019 was
between 190 million to 280 million tons (US Geological Survey, 2020). The US Geological
survey (2020) predicts that the amount of slag generated in the manufacturing process equates to
approximately 10-15% of total crude steel production. The numbers for iron slags are much
higher due to higher production rates of ironmaking. The US Geological survey (2020)
accounted for approximately 320 to 384 million tons of iron produced in 2019 with 25-30% of
that resulting in iron slag. These large quantities of iron and steel slag are generated during the
conversion of raw iron into crude steel where the molten metal from the blast furnace is blown
with oxygen at 1600 degrees Celsius (Reijonen et al., 2018). This process which produces a
dense rock-like material known as slag is followed by water or air cooling (Reddy, et al., 2019a).
CO2 emissions are generated during either the reduction of iron ore with coke in a BF to produce
pig iron or from the decarbonization of limestone and dolomite when added to coke in the BOF
(Naidu et al., 2020).
Historically, there has been a greater reuse of iron slag as its properties make it ideal for
the construction industry (predominantly as a cement alternative) and in road making
applications. The typical compositions of BOF slags have not been found advantageous in the
construction industry as an aggregate because they are prone to expansion and instability due to
containing hydratable oxides (Naidu et al., 2020). Steel slags — BOF furnace slags in general —
have been underutilized and are either stockpiled or landfilled, but scientists have recently
uncovered their untapped potential. Their high availability at a low cost, calcium rich alkali
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minerals, and previously mostly overlooked CO2 sequestration applications make BOF slag an
enticing environmental management solution moving forward (Reddy et al., 2019a).
Physical and chemical properties of BOF Slag
Steel slags, in general, contain a large number of insoluble silicates and various strongly
pH buffered minerals (Reddy et al., 2019a). The pH of steel slag is typically around 12.5 and the
composition of steel slag mainly consists of cationic silicates, oxides, calcium aluminoferrite and
trace heavy metals (Chetri et al., 2019). Basic oxygen furnace slag is a type of steel slag that is
rich in alkaline minerals such as calcium oxide (CaO) and Magnesium oxide (MgO) (Reddy et
al., 2019b). The factors influencing the physical, structural, and porous characteristics of slag
typically depend on the method of cooling that is used after processing in the steel furnace
(Naidu et al., 2020). Naidu et al. (2020) found that, when slag is slow cooled, a crystalline
version is generated (as opposed to the glassy version that is produced when slag is quenched);
the cooling process and speed also have an influence on the size of the slag crystals that are
produced, with slow cooling producing smaller particles than extreme slow cooling.
Additionally, atmospherically cooled slag is more suitable for concrete and construction uses
than when it is water cooled, because water cooling creates a more low-density and porous
product suitable for other applications (Naidu et al., 2020).
BOF Slag and Carbon Sequestration
The CO2 sequestration potential of steel slag depends on factors such as the chemical
composition, moisture content, temperature, particle size, and gas pressure (Reddy et al., 2019a).
Reddy et al., (2019a) found that BOF slag had a high carbonation potential, as seen in the
reactions involved in the carbonation process which involves the dissolution of CO2 in water and
leaching of the Ca ions as shown below:
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(2)
(3)
(4)

Present Research Related to BOF Slag use at Landfills
Researchers have recently begun testing new methods and types of materials that can
oxidize methane (CH₄) while also aiding in carbon sequestration. Throughout this research
paper, I will assess and compare the various types of biogeochemical amendments currently
being tested to determine which possible method or methods may be the most advantageous at
oxidizing CH₄ and sequestering carbon. Rai and Reddy (2019) performed a series of batch
incubation tests with various mixtures of soil, biochar, and basic oxygen furnace (BOF) slag. The
vials were sealed airtight and 20 ml of the headspace concentrations were inserted with equal
parts CH₄ and CO2 (to represent landfill gas) (Rai and Reddy, 2019). The CH₄ oxidation rates
were calculated from linear regression calculations using the CH₄ calculations compared to the
time it took to oxidize (Rai and Reddy, 2019). The goal of Rai and Reddy’s study was to
determine the conditions under which methane-eating microbes, known as methanotrophs, could
most successfully oxidize methane and reduce emissions.
Figure 16 (below) shows how the chemical reactions of a landfill take place and how
pollutants can be transformed when utilizing a mixture of cover amendments (Rai and Reddy,
2019). It also illustrates a hypothetical cross-section of a landfill using a combination of BOF
slag, biochar, and soil amendments. Finally, the figure demonstrates the role that biochar has in
the oxidization of methane and the role of BOF slag in the sequestration of carbon, all of which
are necessary for the optimal management of the GHG generated at landfills. The chemical
reactions that take place beneath the cover soil in Figure 16, highlight the need for additional
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management besides soil.

Figure 16: Cross-section of MSW buried and decomposing, LFG being generated and released if left untreated, and
the role of methanotrophic embedded biochar amended soils, slag layers, and top cover soil for methane oxidation
and carbon sequestration (Reddy et al., 2018).

It is evident that using only soil cover is ineffective and does not properly mitigate
greenhouse gasses from landfills. The test results analyzed in the lab demonstrated effective CH₄
oxidation and CO2 sequestration (Rai and Reddy, 2019). By analyzing the pH of the
amendments before and after the incubation tests, the researchers were also able to determine
which mixture or independent amendment was the most efficient at oxidizing methane (Rai and
Reddy, 2019). Ultimately, the test results indicated that the BOF slag had the best rates of CH₄
oxidation when the slag was isolated from the soil so that the high pH levels would not inhibit
methanotrophic activities (Rai and Reddy, 2019).
Likely due to the short duration times, the biochar tests didn’t show as favorable results,
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as the microbes didn’t have enough time to properly colonize (Rai and Reddy, 2019). Overall,
this study demonstrated that in order to more strategically minimize GHG emissions, further
research and experimentation with amendments are necessary to determine the most effective
forms of ADC utilized at active landfills.
Chetri et al. (2019) tested the efficacy of BOF slag and biochar amended soils and found
that their CO2 sequestration potential is affected by temperature, length of time, specific BOF
type, and, most importantly, moisture content. They found that when BOF slag had a moisture
content of only 10-40%, it had less favorable results than when more moist, indicating that CO2
sequestration is most effective when BOF slag had a higher moisture content (Chetri et al.,
2019). Chetri et al. (2019) also found that a finer BOF slag performed better at sequestering
carbon compared to a courser BOF slag particle. Table 2 below summarizes the major findings
of the research used for this report.
Table 2: Summary of Findings in BOF Slag Case Studies
Study

Conditions of Experiment

Material
Type

Pretreatment
type

Results

Rai and
Reddy,
2019

Biochar obtained from a
commercial vendor in
Illinois derived from
pinewood pellets at 520℃.
BOF Slag obtained from
Indiana Harbor East.
Performed batch
incubation tests.

Soil, Biochar,
and BOF slag

Sieved to
10mm.

BOF slag showed great results for CO2
sequestration but not for CH₄ oxidation. The use
of biochar, BOF slag, and soil showed the most
optimal results for both CH₄ oxidation and CO2
sequestration.

Reddy et
al., 2019a

BOF slag obtained from
Indiana Harbor East and
Riverdale Steel Mills.
Batch experiments
performed on each BOF
slag in simulated landfill
conditions.

Three types of
BOF slags.

Sieved to
10mm.

Found that the TCLP was below RCRA limits,
proving that the BOF slags used in the study were
deemed non-hazardous to the surrounding
environment. CO2 sequestration showed better
results with increased moisture. Found that
temperature plays a key role in CO2 sequestration
potential and can be affected by the solubility of
the types of minerals used. The most important
factors in optimal CO2 sequestration were
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particle size, porosity, and CaO, Ca(OH)2 and
C2S content.
Chetri et
al., 2019

BOF slag obtained from
Harbor East steel mill.
Two series of batch
experiments simulating
landfill conditions at
various moisture contents
from 0-40% were
examined.

BOF Slag,
soil, biochar
derived from
pinewood

Sieved to
10mm. Oven
dried at 100110℃ for 24
hours.

Found that BOF slag had an elevated pH, high
CO2 sequestration potential, and H2S absorption
qualities. The high specific gravity of BOF slag
aid against erosion and the high shear strength
parameters can aid in slope stability. BOF slag
showed optimal CO2 sequestration potential.

Wen et al.,
2020

BOF slag obtained from
Anyang Iron and Steel
Plant (China). Pot
experiments for a length of
93 days were analyzed.

BOF Slag and
acid red loam
soil samples

Crushed,
ground, and
sieved to
0.15mm.

The addition of BOF slag had positive effects on
pH (increased as slag ratio increased), electrical
conductivity, organ carbon content, and total
nitrogen. The addition of BOF slag showed an
improvement to bacterial communities in soils
due to its ability to immobilize metal ions.

Limitations of BOF Slag
One of the primary potential drawbacks surrounding BOF slag is the harmful effects it
may have on the surrounding landfill leachate composition. Due to the potential metals and high
alkaline conditions of the slag, concerns arise that these impacts may be detrimental to the
landfill leachate collection and overall soil integrity. Studies have found negligible effects from
the leaching of trace metals in steel slags and these trace metals were observed below detection
limits (Diener et al., 2010). The results of the three types of BOF slags tested in Reddy et al.
(2019a) showed the Toxicity Characteristic Leaching Procedure (TCLP) below the Resource
Conservation and Recovery Act (RCRA) hazardous limits. It is important to note that the
severity of the alkaline pollution from this steel slag typically depends on chemical and physical
properties already present in the landfill, the chemical breakdown of the water, and the
composition and age of the steel slag (Naidu et al., 2020).
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Biotarping
Introduction to Biotarping
Biotarping is an area of research that is in its early stages of assessment for utilization at
the working face. This research is being conducted in hopes of finding better ways of controlling
landfill methane emissions from the working face by using existing known concepts and best
management practices. A biotarp is essentially a lightweight geomembrane cover material that is
either embedded with methanotrophs — or through it’s specific material composition —
stimulates the presence of methanotrophs and acts as a biocover to enhance methanotrophic
bacterial activity to effectively suppress methane emissions (Adams et al., 2011). This biotarping
method is used instead of the traditional ADC, and it is placed on top of open cells during the
night and removed or rolled out again in the morning. This process is meant to simulate
conventional ADC materials and do all the same things as conventional ADC, but in a more
effective way to simultaneously suppress methane emissions.
The use of biotarping materials —or other similar biocomplex textiles — used as ADC
have been found to effectively reduce odors and GHG emissions from landfills, while
simultaneously helping the landfill save space (Choi et al., 2018). Also, the use of a biotarp can
potentially save the landfill fill/cap space if used, since it can be easily removed day in and day
out and it could eliminate the guesswork that is typically associated with conventional ADC.
With conventional ADC, landfill operators sometimes find it beneficial to leave in some of the
ADC, and continue to fill more on top, a process which is called the honeycomb technique. This
is done by some landfills because they see a benefit of having some ADC in between the waste
and as a method of abating odors. Nonetheless, this practice leads to an ineffective use of the
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landfills permitted “airspace” that could be remedied by the biotarping/biocomplex textile
practice.
The utilization of geomembrane covers at a landfill is not a new concept. The application
and practice of using geomembrane liners or covers for intermediate and final covers have been
extensively researched and applied in the field. The reason for this is, historically, the primary
factor for more efficient management of methane control from landfills has been through
understanding the radius of influence of installed gas extraction wells and by implementing
better strategies and techniques for final and intermediate cover, such as various forms of
geomembrane covers. Materials such as geosynthetic clay liners, high density polyethylene
geomembranes, nonwoven needle punched geotextiles, and compacted soil liners have been
utilized for final and intermediate covers at landfills (Chen et al, 2011). Covers for intermediate
and final cover have to be more robust than materials used for ADC so they are not susceptible to
cracking or air intrusion, both of which could affect the effectiveness of the landfills’ gas
collection system (Jung et al., 2011). Pulling in too much outside air can also pose safety risks
and alter landfill gas compositions. Additionally, the use of tarps or geomembrane liners for the
purposes of utilization at the working face is a relatively new concept.
Present Biotarping Research for Utilization at Working Faces
Researchers have recognized the need to pivot from utilizing what is known to work for
final and intermediate covers and using those methods or materials for better CH₄ capture from
the open — or active — cells that the landfill is currently filling waste in. Adams et al. (2011)
conducted a set of studies to compare the efficacy of various types of geomembrane materials
varying in thickness, fiber density, water affinity, and chemical composition. One batch of
studies were performed in the lab to simulate landfill environments using a set of continuous

54

LARA

MASTERS PROJECT

ENVM-698-02

flow reactors and another batch was done in the field using flux chambers at various portions of
the landfill. Additionally, some batches were inoculated in a culture of methanotrophs to test
performances under known predisposed conditions. The goal of the study by Adams et al. (2011)
was to determine which material composition (or combination of) worked best to oxidize
methane and whether a biotarp concept was a feasible means of sustaining methanotrophic
activity as an appropriate ADC.
In a controlled laboratory setting, Adams et al. (2011) examined a variety of nine
geotextiles with different thicknesses, ranging from 0.28 cm to 1.27 cm. They found that the
thickness of the materials did not necessarily correlate to better water absorption or water
retention capacities or improved methane-oxidation capacities, either. The thickness of the
material when examined on its own did not play a significant role in the final methane oxidation
potential, but the quantity of layers in between may be advantageous in CH₄ uptake (Adams et
al., 2011). During the preliminary results of the laboratory study, it was found that a four-layer
geotextile showed the best results for CH₄ uptake to occur. From the results of the batch
experiments in the lab, researchers were able to derive a series of four biotarp prototypes with
varying geotextile configurations to be tested in the field.
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Figure 17: Researchers used flux chambers to analyze and compare the effectiveness of various geotextile
materials composed of different thicknesses, properties, and materials to determine the most optimal
composition to stimulate methanotrophic activity and methane oxidation capacity (Adams et al.,
2011).

While conducting the field portion of the study with flux chambers, as seen in Figure 17,
Adams et al. (2011) soaked all biotarp materials for fifteen minutes in a methanotroph culture,
dried them for 15 minutes, and later prepared for testing by embedding them with one of three
materials in between the second to third layers. The materials used — soil, compost, and shale —
were meant to simulate materials typically available at a landfill. The researchers chose to
perform their field study on three different sections of the landfill — one on fresh refuse, one on
the intermediate cover surface above one year old waste, and a final section 20 cm below the
intermediate cover surface.
When the studies were performed in the field, the researchers failed to replicate the CH₄
uptake efficiency from the laboratory study but did note that some promising results were
observed. The biotarp embedded with four layers and nothing between its second and third layers
saw a 16% CH₄ uptake. Further, the use of additional amendments within the second and third
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layers showed even more optimal results. The biotarp embedded with landfill soil showed a 26%
CH₄ removal efficiency, while compost saw a 27% and shale saw a 32% removal efficiency
(Adams et al., 2011). Additionally, Adams et al. (2011) noted that during the study condensation
was observed atop the flux chambers walls, which was indicative of CH₄ oxidation. Therefore,
these results demonstrated that the use of a biotarp had marked advantages compared to not
using one.
In another recent study conducted in this area of research, Choi et al. (2018) produced
their own biocomplex textiles embedded with various forms of biologically active materials,
such as perlite and tobermalite, and tested them in the lab to observe degradation rates and CH₄
removal capacities. They then created their own landfill simulation reactors, as seen in Figure 18
below, to test various biocomplex textiles filled and sealed with either perlite, tobermalite, or a
combination of the two. Choi et al. (2018) incubated these samples for up to 154 days while
observing the behavior of the methanotrophs throughout the process. They cycled these
biocomplex textiles and subsequent methanotroph populations for various time periods observing
the effectiveness of the material over time. They also studied the effects of starvation on the
methanotrophs, by not feeding them the test gases of methane, CO2, or dimethyl sulfide.
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Figure 18: Choi et al, (2018) performed a series of experiments using their own version of a simulated
landfill reactor to test the overall efficacy of various self-constructed biocomplex textiles containing
differing mixtures of biocarriers.

It was found that (perhaps due to the composition and makeup of their produced
biocomplex textile) results after starvation showed even higher CH₄ removal potential. At the
conclusion of their 154 day study, Choi et al. (2018) found that a combination of perlite and
tobermolite, embedded within the prototype of the biocomplex textile material they created could
successfully reduce CH₄ emissions and odors when used as ADC. Additionally, this material is
believed to have the ability to last indefinitely even when the methanotrophs embedded within
the material are starved of LFGs (Choi et al., 2018). Table 3 (below) highlights the major
findings of these two research studies.
Table 3: Summary of Findings in Biotarping Case Studies
Study

Conditions of Experiment

Choi et al.,
2018

A biocarrier, either tobermalite
or perlite, were inserted within
a proprietary polypropylene
nonwoven fabric material. Labscale landfill simulation
reactors tested the efficacy of
various combinations of
materials for optimal CH₄
oxidation for a total length of

Material Type
Biocomplex textile

Results
CH₄ oxidation was most effective with use of a
combination of perlite and tobermalite within the
biocomplex textile fabric. Found that even when
the methanotroph population was starved of
landfill gases, the composition of the biocomplex
textiles aided the methanotroph population from
being negatively affected.
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154 days.
Adams et
a., 2011

Nine geotextiles varying in
thickness, fiber density, water
affinity, and chemical
composition were analyzed in
laboratory landfill simulation
reactors. Four variations were
later tested in the field using
flux chambers. Various
amendments were inserted
within each of the geotextiles.
Materials were soaked in a
methanotroph culture.

Geotextile biotarps

Found that adding amendments (soil, compost, or
shale) within the geotextiles to show optimal
results. Found that adding amendments to the four
layer biotarps to be most ideal. CH₄ oxidation was
observed in the lab tests, but the flux chamber
trials in the field failed to replicate the results in
the lab. Results indicated that CH₄ oxidation is
feasible but still requires further research.

Shortcomings of Available Research
These were certainly groundbreaking studies in this field of research because they
demonstrated that a biotarp or a biocomplex textile could serve as a viable means of methane
oxidation at the working of the landfill. But there were some inefficiencies in the research
conducted on using this method of ADC and it would be a disservice to not mention some of the
shortcomings I observed. One inefficiency I noted with Adams et al. (2011)’s study was that not
enough background context of the landfills’ specifics were explained. For example, for the
specific samples taken at the intermediate cover section of the landfill, it would have been
helpful to know the composition of the waste that was buried beneath the area where the flux
chamber analysis was being conducted and how many landfill gas extraction wells were in
proximity. Additionally, it would have been ideal to know when that area was last used as a
working face location to see if that played a role in any of the data gathered.
Sometimes different types of inert or organic wastes can decompose at different rates and
cause an issue with the balances of the landfill gases in certain regions of the landfill. Also, if
wells are in close proximity to the areas being sampled, that may skew results due to increased
pulling of landfill gases in those regions. For the sample that was taken at the open cell, it would
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have been helpful for the researchers to note how long that cell had been open and the proximity
of the landfill gas extraction wells surrounding it. This knowledge would allow us to understand
the intricacies of variable results, determine whether the areas being sampled were throwing off
certain calculations and results, and contextualize the findings better.
Given that this study was attempting to find a solution for methane emissions from the
working face (open cell), it would have been more effective to place a bigger emphasis on that
aspect during the field trials and have more samples taken at the working face of a few various
landfills. This would enable us to see whether the results could be attributed to the landfill
sampled or the biotarp composition. Additionally, the soil composition of certain areas within
certain landfills could differ based on the waste in place and other variables like the climate, the
landfills configuration and age, and types of wastes accepted. Landfill gas generation rates have
been known to fluctuate based on varying landfill conditions (Jung et al., 2011). It is also
important to note that there are likely also various differing management and operational
practices from landfill to landfill, which could provide crucial insight and should have been
taken into consideration.
I also observed a few minor inefficiencies in the Choi et al. (2018) study. First, I presume
for confidentiality purposes, they failed to mention in great detail how their prototypes were
produced and where the materials they used (including the perlite and tobermalite) were sourced
from. Further research would need to be conducted on this biocomplex textile material to more
concretely confirm its effectiveness. Without this specific information, it would be difficult to
replicate these results. Unless the researchers have proprietary information or plan to develop a
commercially viable product, then it would be in the best interest to share this information in
greater detail.
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Limitations of Biotarping
While biotarping seems like a feasible option for reducing methane emissions from the
working face of the landfill, there may be a few downsides. There could potentially be a
significant upfront capital cost in purchasing this biotarp or biocomplex textile, which I presume
would be quite large in size and considerably costly. Additionally, the general upkeep and
maintenance of the tarp in the long run could pose an operational difficulty. Nonetheless, if the
landfill site is able to use one of these tarp or textile items as an ADC, it could allow the site to
save landfill cap space and regain the land previously needed to stockpile conventional ADC.
This would then enable the landfill site to quickly recoup the upfront costs of their investment
into this ADC method and provide the crucial benefit of reducing GHG emissions.
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Conclusion
Non-traditional alternative daily cover materials were reviewed at length as part of this
comparative analysis. Following this review, it is clear that there are reasonably feasible
strategies to combat and address the currently overlooked methane emissions arising from the
working face of landfills. While biochar, BOF slag, and biotarping each had their own pros and
cons, these methods nonetheless showed promising potential for use as an option for alternative
daily cover. It was found that BOF slag is best used in combination with other methods because
it is primarily effective at CO2 sequestration. While biotarping has a significant upfront cost, the
material is effective at reducing emissions without the hassle of traditional methods, including
storage. Overall, biochar and biotarping showed the best methane oxidizing potential, while a
combination of biochar and BOF slag could also prove an optimal solution for both methaneoxidation and carbon sequestration. Table 4 (below) highlights and summarizes the pros and
cons of the three materials analyzed in this report.
As more research emerges, there is a demonstrated need for better methane control at the
working face as well as the institution of improved management practices. It is integral for policy
makers and landfill operators to begin testing and researching the use of methane-oxidizing
materials, such as the ones presented in this report. Every region of the country and of the world
will be different and could show different results, due to factors such as climate, topography, and
other environmental and region-specific factors. The sourcing of these materials for ADC could
pose a factor in determining the optimal solution from one region to the other. For regions such
as California, where the risk of wildfires are rising, finding an optimal solution for better landfill
methane management during times of potential region-wide power outages could prove key in
minimizing the impacts of uncontrolled GHG emissions during such events.
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Many federal, state, and local governments are attempting to drastically minimize
methane emissions and are beginning to prioritize efforts for the reduction of potential emissions
from the solid waste industry, in light of emerging research. Through the research conducted for
this report and from my personal experience, as an inspector that has visited numerous landfills
in my capacity as a regulatory agent, I have compiled a list of ten major policy
recommendations that can be implemented to immediately begin efforts to minimize these
methane emissions. My full list of recommendations for landfill regulatory agencies can be seen
below in Table 5. The overall theme of my recommendations is that more care and attention
needs to be put into the research, testing, and implementation of better BMPs for the utilization
of strategic ADCs at the working face in order to improve landfill methane emissions.
Since the initiation of the landfill regulations, the emphasis has been placed on the proper
pretreatment of a landfill site and the proper aftercare of a landfill. We have relied on landfill
operators to perform engineering calculations for determining optimal gas extraction techniques,
and our regulations have fallen short of addressing the daily emissions produced. We have
reached a tipping point in landfill management where the day-to-day operations of a landfill need
to be more closely examined for their efficacy. A key factor in addressing the shortcomings in
this management approach is by rethinking the way we regulate these facilities during their daily
operations. Enacting a timeline for facilities to begin researching potential methane-oxidizing
ADCs and making daily operating requirements more stringent and streamlined could provide
potential solutions for methane emissions reductions. Overall, there is promising research and
development taking place within the scientific community, particularly in terms of understanding
these emissions’ origins and determining better management solutions to reduce their impact on
the environment and slow the phenomenon of climate change.
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Table 4: Summary of Pros and Cons of Strategic ADC Materials Analyzed

BIOCHAR

BOF SLAG

BIOTARPING

PROS:
-Upcycles biomass waste
-Extremely efficient at
oxidizing methane
-Manufacturing of
biochar can provide
additional revenue

-Upcycles steel
manufacturing wastes
-Could reduce waste sent
to landfills -Optimal
Carbon sequestration
properties
-Can aid in slope
stability of landfill

-Saves airspace
-Less variables to control
which results in more
consistent results
-Save land previously
used to stockpile ADC
-Allows for additional
materials to be placed
within its layers

CONS:
-Creates CO2
by oxidizing methane
-Sourcing of biochar
could be region specific
-Quality of product is
highly dependent on
feedstock types

-Poor job at oxidizing
methane
-Dependent on the rate
of cooling which can
affect final product
-May have harmful
effect on leachate
composition

-High initial upfront cost
-Integrity of tarp may
worsen over time and
need maintenance or
replacement
-May need upkeep to
ensure the presence of
methanotrophs

Source: Lara, Eric (2020)
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Table 5: Policy Recommendations for Landfill Regulators

Item

Landfill Regulators Tasks

1

Require landfill operators to begin testing and researching
strategic ADCs for CH₄ emissions reductions at the working face

2

Implement a timeline that would require the use of one form of
strategic ADC material

3

Require landfill operators to amend their manual of procedures to
incorporate best management practices for CH₄ emissions
reductions at the working face

4

Require more expedited wellhead installations for locations of past
working faces

5

Limit the maximum size of each working face and maximum
duration of allowed use

6

Require landfill operators to monitor and record working face
locations and dates

7

Require landfill operators to inspect and monitor working face
locations used for more than a one-week period

8

Enact a loss of exemption from inspection at the working face
during periods of inactivity

9

Require use of strategic ADC site-wide in times of power failures
or gas collection malfunctions

10

Institute a periodic drone monitoring requirement over the
working face for landfill operators to monitor CH₄ emissions

Source: Lara, Eric (2020)
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Appendix
CalRecycle-Approved ADC Material Types
CalRecycle has approved 11 ADC material types. Generally, these materials must be processed
so that they do not allow gaps in the exposed landfill face. Other ADC materials may be
approved by CalRecycle on a case-by-case basis; see Daily/Intermediate Cover and Alternative
Daily/Intermediate Cover Guidelines. All types of ADC must be approved by the enforcement
agency (EA) in writing prior to use. Site-specific demonstration projects are not required for the
following 11 material types.
Waste-Derived Materials. Material types that are approved by CalRecycle and can be reported
as diversion:
Ash and cement kiln dust
Treated auto shredder waste
Construction and demolition waste
Compost
Green material *
Contaminated sediment
Sludge
Shredded tires
* Note: As of January 1, 2020, the use of green material as ADC does not constitute diversion
through recycling and shall be considered disposal pursuant to PRC Section 41781.3. (2)(A).
Non-Waste-Derived Materials. Material types that are approved by CalRecycle and cannot be
reported as diversion:
Foam products
Geosynthetic fabric or panel products (blankets)
Spray-applied cement
For detailed descriptions of CalRecycle approved ADC material types, see 27 CCR, Section
20690(b)
Source: (CalRecycle, 2020)
California Code of Regulations 27 § 20690
§ 20690. CIWMB -Alternative Daily Cover. [T14: § 17682, § 17258.21(b)]
(a) General Requirements
(1) Alternative materials of alternative thickness for daily cover (other than at least six inches of
earthen material) for municipal solid waste landfill units may be approved by the EA with
concurrence by the Department, if the owner or operator demonstrates that the alternative
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material and thickness control vectors, fires, odors, blowing litter, and scavenging without
presenting a threat to human health and the environment.
(2) Alternative daily cover alone, or in combination with compacted earthen material, shall be
placed over the entire working face at the end of each operating day or at more frequent
intervals to control vectors, fires, odors, blowing litter, and scavenging without presenting a
threat to human health and the environment. For the purposes of this section, the operating day
shall be defined as the hours of operation specified in the solid waste facility permit, and may
extend for more than 24 hours if operations are continuous. Waste-derived alternative daily
cover shall be processed prior to spreading and compacting on the working face and applied
and compacted to ensure that all exposed waste is completely covered by ADC and that there are
no open voids within the cover material or in contact with the underlying wastes. Waste
materials used as ADC that already meet the grain-size specifications of these regulations, or an
alternative grain size approved by the EA and Department pursuant to this section, need not be
processed if the EA determines that the material as received at the landfill is adequate to
perform the functions of daily cover and meets the appropriate specifications.
(3) Should the application of alternative daily cover become impracticable or contribute to
conditions hazardous to public health and safety and the environment, the owner or operator
shall terminate such use and revert to the use of compacted earthen cover material in
accordance with section 20680. For the purposes of this section, impracticable conditions are
those which make placement of alternative daily cover difficult due to adverse climatic or other
conditions such that the performance requirements of (a)(2) cannot be met.
(4) The owner or operator shall place compacted earthen material over the entire working face
at the end of any operating day preceding a period of time greater than 24 hours when the
facility is closed, unless procedures as required by the EA are in place to ensure that the
requirements of (a)(2) and (a)(3) are met. A stockpile of earthen cover material and required
equipment shall be available to ensure a corrective response to violation of (a)(2) and (a)(3).
Whenever an EA determines that an application of ADC is not meeting the requirements of this
standard, the EA may direct the operator to immediately cover the ADC with soil. The
continuing use of ADC that has been determined by the EA as not meeting the requirements of
this section may become the basis for the EA to take enforcement action to seek compliance with
the requirements of this section.
(5) The owner or operator shall maintain a record of waste derived alternative daily cover in
accordance with Title 14, California Code of Regulations, Division 7, Chapter 9, Article 9.25,
Section 18815.1 et seq. The records shall be available for inspection by authorized
representatives of the EA, the local health agency, and the Department during normal business
hours and retained in the operating record near the site or in an alternative location approved
by the EA.
(6) For waste classification, composition, and liquid percolation requirements of alternative
daily cover, refer to the SWRCB requirements set forth in section 20705.
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(7) Waste derived materials used as alternative daily cover shall be restricted to quantities no
more than necessary to meet the performance requirements of (a)(2), or as specified in
subdivision (b) of this section. Should the Department determine after consulting with the EA
that an owner or operator violated this standard, the owner or operator shall revise the
applicable reports to reflect the overuse as disposal, and pay the required California
Department of Tax and Fee Administration (CDTFA) disposal tipping fees for the amount of
overuse. EAs shall not be responsible for making such determinations.
(8) Compost, co-compost, and chemically fixed sewage sludge and water treatment sludge only,
that meet the performance standards for cover material, shall be limited to up to 25 percent of
landfill cover materials or landfill cover extenders as required under Public Resources Code
(PRC) section 42245. For the purposes of this section, “chemically fixed sewage sludge” means
solid and semisolid residue generated during the treatment of domestic sewage. The 25 percent
limit shall apply on a quarterly basis to the total daily and intermediate cover or cover extender
use. For the purposes of this section, landfill cover extenders shall mean compost, co-compost,
or chemically fixed sewage sludge blended or mixed with soil.
(9) Storage and handling of waste derived materials at the landfill for use as alternative daily
cover shall be conducted in a manner to protect public health and safety and the environment,
and to control vectors, fires, odors, blowing litter, scavenging, and nuisances.
(10) The EA shall apply this section to disposal facilities other than municipal solid waste
landfill units as necessary to control vectors, fires, odors, blowing litter, scavenging, and
nuisances without presenting a threat to human health and the environment. This requirement
shall also apply to municipal solid waste landfills which qualify for a delay in the general
compliance date or additional flexibility as specified in 40 CFR Part 258.
(11) The owner or operator shall implement a program described in the Report of Disposal Site
Information as required by section 21600(b)(6) to minimize contamination of alternative daily
cover with wastes not included within the individual alternative daily cover material types
specified in subdivision (b) of this section and wastes that would conflict with the performance
requirements of (a)(2).
(b) Specific Requirements
All types of ADC must be approved by the EA in writing prior to use at solid waste landfills as
consistent with Title 27, California Code of Regulations, section 21570 through section 21686.
Proposed uses of alternative daily cover materials not specified shall be subject to site-specific
demonstration projects approved by the EA with concurrence by the Department to establish
suitability as daily cover. Unless otherwise specified in this section, alternative daily cover use
by blending listed materials other than using side-by-side on the working face, or layering on top
of one another listed materials, shall require site-specific demonstration projects approved by
the EA with concurrence by the Department as required by subsection (a)(1). Site-specific
demonstration projects are not required for the following materials used as specified and in
accordance with subdivision (a) of this section:
(1) Geosynthetic Fabric or Panel Products (Blankets).
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(A) Geosynthetic blanket products shall be removed from the waste and the waste shall be
covered with new waste or approved cover materials within 24 hours of product placement,
unless the product is intended to be nonreusable, or has been approved by the EA for continuous
use beyond 24 hours.
(2) Foam Products.
(A) Foam products shall not be applied when there is precipitation or when there is a local
forecast of greater than 40% chance of precipitation within 8 hours of application time in the
vicinity of the landfill.
(B) Foam products shall be covered with waste or other approved cover materials within 72
hours of application, unless a shorter time period is required by the EA to meet the requirements
of (a)(2) and (a)(3) of this section.
(3) Processed Green Material.
(A) For the purposes of this section, processed green material means any plant material that is
either separated at the point of generation, or separated at a centralized facility that employs
methods to minimize contamination. Green material includes, but is not limited to, yard
trimmings, untreated wood wastes, paper products, and natural fiber products. Green material
does not include treated wood waste, mixed demolition or mixed construction debris, manure, or
plant waste from the food processing industry, alone or blended with soil. Processed green
material may include varying proportions of wood waste from urban and other sources and shall
be ground, shredded, screened, source separated for grain size, or otherwise processed.
(B) Green material used for alternative daily cover shall be processed prior to being applied to
the working face unless the green material to be used as alternative daily cover already meets
the grain size specifications. Prior to spreading and compacting on the working face, processed
green material shall comply with a grain size specification by volume of 95 percent less than 6
inches. Alternative processing and grain size specification requirements may be approved by the
EA if the EA determines that the alternative meets the performance requirements of (a)(2) and
(a)(3) of this section and the Department concurs.
(C) Processed green material shall be restricted to a minimum compacted thickness of 6 inches
and average compacted thickness of less than or equal to 12 inches.
(D) Processed green material placed as cover shall not be exposed for greater than 21 days.
(4) Sludge and Sludge-Derived Materials.
(A) Public contact with sludge or sludge-derived materials, either alone or blended with soil,
ash, processed green material, or stabilization agents such as lime, lime kiln dust, or cement kiln
dust, shall be prohibited. This prohibition shall apply to staging, processing, tipping, and cover
placement areas.
(B) Sludge or sludge-derived materials, either alone or blended with soil, processed green
material, ash, or stabilization agents such as lime, lime kiln dust, or cement kiln dust, shall form
a compacted material which can be placed without forming open voids or causing material to be
tracked off the working face area.
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(C) Sludge or sludge-derived materials shall be restricted to a minimum compacted thickness of
6 inches and average compacted thickness of less than or equal to 12 inches.
(5) Ash and Cement Kiln Dust Materials.
(A) Ash and Cement Kiln Dust, either alone or blended with earthen material or stabilization
agents, shall form a compacted material which can be placed without forming open voids or
causing material to be tracked off the working face area. For the purposes of this section, ash
means the nonhazardous residue from the combustion of material or the hazardous residue that
may be managed as a nonhazardous waste in accordance with Title 22 California Code of
Regulations sections 66260.200(f) or 66260.210.
(B) Ash and Cement Kiln Dust, either alone or blended with earthen material or stabilization
agents shall be used as alternative daily cover in a manner to minimize the creation of dust.
(C) Ash and Cement Kiln Dust, either alone or blended with earthen material or stabilization
agents, shall be restricted to a minimum compacted thickness of 6 inches and average compacted
thickness of less than 12 inches.
(6) Treated Auto Shredder Waste.
(A) Auto shredder waste shall be treated pursuant Title 22, California Code of Regulations,
section 66268.106(a)(1).
(B) Treated auto shredder waste used for alternative daily cover shall be restricted to a
minimum compacted thickness of 6 inches and average compacted thickness of less than 24
inches.
(7) Contaminated Sediment, Dredge Spoils, Foundry Sands, Energy Resource Exploration and
Production Wastes.
(A) Contaminated sediment, dewatered dredge spoils, foundry sands, or processed energy
resource exploration and production wastes shall be restricted to a minimum compacted
thickness of 6 inches and average compacted thickness of less than 12 inches. Such materials
shall form a compacted material that can be placed without forming open voids or causing
material to be tracked off the working face area.
(8) Compost Materials.
(A) Except as provided in (b)(8)(B) of this section, compost shall meet the environmental health
standards of Title 14, California Code of Regulations, Division 7, Chapter 3.1, Article 7.
(B) Public contact shall be precluded from cover staging, processing, tipping, and placement
areas for compost that does not meet the environmental health standards of Title 14, California
Code of Regulations, Division 7, Chapter 3.1, Article 7.
(C) Compost materials shall be restricted to a minimum compacted thickness of 6 inches and
average compacted thickness of less than or equal to 12 inches. Compost materials shall comply
with a grain size specification by volume of 95 percent less than 6 inches.
(9) Processed Construction and Demolition Wastes and Materials.
(A) Processed construction and demolition wastes and materials shall be ground, pulverized,
shredded, screened, source separated, or otherwise processed, alone or mixed with soil in a
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manner to provide a compacted material free of open voids when applied to meet the
performance requirements as alternative daily cover.
(B) Processed construction and demolition wastes and materials used as alternative daily cover
shall be restricted to the following materials: rock, concrete, brick, sand, soil, ceramics, cured
asphalt, lumber and wood, wood products, roofing material, plastic pipe, plant material when
commingled from construction work, and fines derived from processing the above materials.
(C) Construction and demolition wastes shall be processed prior to being applied to the working
face. Prior to spreading and compacting on the working face, these materials shall comply with
a grain size specification by volume of 95 percent less than 12 inches and 50 percent less than 6
inches as determined by the EA. The Department shall provide technical assistance in making
this determination if requested by the EA. Alternative processing and grain size specification
requirements may be approved by the EA if the EA determines that the alternative meets the
performance requirements of (a)(2) and (a)(3) of this section and the Department concurs.
(D) Construction and demolition wastes shall be restricted to a minimum compacted thickness of
6 inches and average compacted thickness of less than 18 inches.
(10) Shredded Tires.
(A) Shredded tires used as daily cover alone or mixed with soil shall be shredded such that 50%
by volume is smaller than 6 inches in length and no individual pieces are greater than 12 inches
in length.
(B) Shredded tires used as alternative daily cover without admixed soil shall not be applied when
there is precipitation or when there is a local forecast of greater than 40% chance of
precipitation within 8 hours of application time in the vicinity of the landfill.
(11) Spray Applied Cementitious Products
(A) Such products shall not be applied when there is a local forecast of greater than 40 percent
chance of precipitation within 8 hours of application time in the vicinity of the landfill.
Note: Authority Cited: Sections 40502, 41781.3, 43020, 43021, 43030 and 43103, Public
Resources Code. Reference: Sections 40508, 42245, 43020 and 43021, Public Resources Code;
and 40 Code of Federal Regulations part 258.21.
HISTORY
1. New section filed 11-5-97; operative 11-5-97 pursuant to Government Code section
11343.4(d) (Register 97, No. 45).
2. New subsections (b)(2)-(b)(2)(B), (b)(5)-(b)(7)(A) and (b)(9)-(b)(10)(B) filed 2-3-98;
operative 2-3-98 pursuant to Government Code section 11343.4(d) (Register 98, No. 6).
3. Amendment of section and Note filed 5-24-2004; operative 7-23-2004 (Register 2004, No. 22).
4. Amendment of subsections (a)(1)-(2), (a)(5), (a)(7), (b), (b)(3)(B) and (B)(9)(C) and
amendment of Note filed 3-5-2019; operative 3-5-2019 pursuant to Government Code section
11343.4(b)(3) (Register 2019, No. 10).
This database is current through 12/11/20 Register 2020, No. 50
27 CCR § 20690, 27 CA ADC § 20690
Source: (California Code of Regulations, n.d.)
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BAAQMD Regulation 8-34 Solid Waste Disposal: Sections 118 and 303
8-34-118 Limited Exemption, Construction Activities: The requirements of Sections 8-34303 shall not apply to the working face of the landfill or to areas of the landfill surface
where the landfill cover material has been removed and refuse has been exposed for
the express purpose of installing, expanding, replacing, or repairing components of
the landfill gas, leachate, or gas condensate collection and removal systems,
provided the following requirements are met:
118.1 The operator shall submit a construction plan in writing to the APCO at least
seven calendar days prior to beginning any construction activities, unless the
construction activity is urgently required. Appropriate reasons for urgent
construction activities include, but are not limited to, preventing or
extinguishing fires, minimizing emissions of raw landfill gas to the
atmosphere or meeting the requirements of Sections 8-34-414 or 415. For
urgent construction activities, the operator shall notify the APCO of the need
for an urgent construction activity within 24 hours of discovery of the problem
and shall submit an urgent construction activity report to the APCO within 30
Bay Area Air Quality Management District June 15, 2005
8-34-5
calendar days of discovery of the problem. The construction plan or urgent
construction activity report shall contain the following:
1.1 A description of the action(s) being taken,
1.2 A description of the areas of the landfill that will be affected by these
actions,
1.3 A description of any landfill gas collection system components that
will be affected by these actions,
1.4 A map of the landfill showing the affected areas and any affected
collection system components,
1.5 The reason the action is required including a copy of the statute,
regulation, standard, provision and/or permit clause that obligates
the landfill to take the action(s) or written approval for the action(s)
from the appropriate enforcement agencies,
1.6 A construction schedule including projected construction start and
finish dates, projected equipment installation dates, and projected
shutdown times for individual gas collection system components,
and
1.7 A description of the mitigation measures planned to minimize
potential air quality impacts.
118.2 For construction activities related to the installation, expansion, replacement,
or repair of landfill gas collection system components, the action must be
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required to maintain compliance with this Rule, and any new collection
system components must be included in the most recent Collection and
Control System Design Plan.
118.3 For construction activities related to leachate or gas condensate collection
and removal systems, the action must be required by or approved by the
appropriate enforcement agency.
118.4 Emission of raw landfill gas to the atmosphere is minimized during
construction,
118.5 Any excavated refuse is covered immediately and then properly disposed of
within 24 hours of excavation,
118.6 No drilled wells or excavated trenches shall be left uncovered for more than
8 hours,
118.7 The installation time for each component is minimized,
118.8 Landfill gas collection wells are sealed or capped until the well is connected
to a vacuum source,
118.9 The construction dates and times for each well are recorded pursuant to
Section 8-34-501.
8-34-303 Landfill Surface Requirements: Until July 1, 2002 and except as provided in
Sections 8-34-110, 111, 113, 118, 121 and 122, at no point on the surface of the
landfill shall there be a concentration of organic compounds and methane, measured
7.5 cm (3 in) above the surface of the landfill that exceeds 1000 ppm by volume,
expressed as methane above background, other than non-repeatable, momentary
readings. Effective July 1, 2002 and except as provided in Sections 8-34-110, 111,
113, 118, 121 and 122, at no point on the landfill surface shall there be a surface
leak that exceeds 500 ppm by volume, expressed as methane above background,
other than non-repeatable, momentary readings, unless the landfill surface leak has
been discovered by the operator and all of the requirements of Section 8-34-415 are
satisfied.
(Adopted 11/17/93; Amended 7/17/96; 10/6/99)
Source: (BAAQMD, n.d.)
CARB Landfill Methane Rule Sections 95465 and 95466
§ 95465. Surface Methane Emission Standards
(a) Except as provided in sections 95464(d), 95464(e), and 95466, beginning
January 1, 2011, or upon commencing operation of a newly installed gas
collection and control system or modification of an existing gas collection and
control system pursuant to 95464(a)(1), whichever is later, no location on the
MSW landfill surface may exceed either of the following methane concentration
limits:
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(1) 500 ppmv, other than non-repeatable, momentary readings, as
determined by instantaneous surface emissions monitoring.
(2) An average methane concentration limit of 25 ppmv as determined by
integrated surface emissions monitoring.
Note: Authority cited: Sections 38501, 38510, 38560, 38560.5, 38580, 39600, and 39601, Health
and
Safety Code. Reference: Sections 38501, 38505, 38510, 38550, 38551, 38560, 38560.5, 39003,
39500,
39600, and 39601, Health and Safety Code.
§ 95466. Construction Activities
(a) The requirements of section 95465 do not apply to the working face of the landfill
or to areas of the landfill surface where the landfill cover material has been
removed and refuse has been exposed for the purpose of installing, expanding,
replacing, or repairing components of the landfill gas, leachate, or gas
condensate collection and removal system, or for law enforcement activities
requiring excavation.
Note: Authority cited: Sections 38501, 38510, 38560, 38560.5, 38580, 39600, and 39601, Health
and
Safety Code. Reference: Sections 38501, 38505, 38510, 38550, 38551, 38560, 38560.5, 39003,
39500,
39600, and 39601, Health and Safety Code.
Source: (CARB, 2010)
Code of Federal Regulations Sections 258.21 to 258.24
§ 258.21Cover material requirements.
(a) Except as provided in paragraph (b) of this section, the owners or operators of all MSWLF
units must cover disposed solid waste with six inches of earthen material at the end of each
operating day, or at more frequent intervals if necessary, to control disease vectors, fires, odors,
blowing litter, and scavenging.
(b) Alternative materials of an alternative thickness (other than at least six inches of earthen
material) may be approved by the Director of an approved State if the owner or operator
demonstrates that the alternative material and thickness control disease vectors, fires, odors,
blowing litter, and scavenging without presenting a threat to human health and the environment.
(c) The Director of an approved State may grant a temporary waiver from the requirement of
paragraph (a) and (b) of this section if the owner or operator demonstrates that there are
extreme seasonal climatic conditions that make meeting such requirements impractical.
(d) The Director of an Approved State may establish alternative frequencies for cover
requirements in paragraphs (a) and (b) of this section, after public review and comment, for any
owners or operators of MSWLFs that dispose of 20 tons of municipal solid waste per day or less,
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based on an annual average. Any alternative requirements established under this paragraph
must:
(1) Consider the unique characteristics of small communities;
(2) Take into account climatic and hydrogeologic conditions; and
(3) Be protective of human health and the environment.
[56 FR 51016, Oct. 9, 1991, as amended at 62 FR 40713, July 29, 1997]
§ 258.22Disease vector control.
(a) Owners or operators of all MSWLF units must prevent or control on-site populations of
disease vectors using techniques appropriate for the protection of human health and the
environment.
(b) For purposes of this section, disease vectors means any rodents, flies, mosquitoes, or other
animals, including insects, capable of transmitting disease to humans.
§ 258.23Explosive gases control.
(a) Owners or operators of all MSWLF units must ensure that:
(1) The concentration of methane gas generated by the facility does not exceed 25 percent of the
lower explosive limit for methane in facility structures (excluding gas control or recovery system
components); and
(2) The concentration of methane gas does not exceed the lower explosive limit for methane at
the facility property boundary.
(b) Owners or operators of all MSWLF units must implement a routine methane monitoring
program to ensure that the standards of paragraph (a) of this section are met.
(1) The type and frequency of monitoring must be determined based on the following factors:
(i) Soil conditions;
(ii) The hydrogeologic conditions surrounding the facility;
(iii) The hydraulic conditions surrounding the facility; and
(iv) The location of facility structures and property boundaries.
(2) The minimum frequency of monitoring shall be quarterly.
(c) If methane gas levels exceeding the limits specified in paragraph (a) of this section are
detected, the owner or operator must:
(1) Immediately take all necessary steps to ensure protection of human health and notify the
State Director;
(2) Within seven days of detection, place in the operating record the methane gas levels detected
and a description of the steps taken to protect human health; and
(3) Within 60 days of detection, implement a remediation plan for the methane gas releases,
place a copy of the plan in the operating record, and notify the State Director that the plan has
been implemented. The plan shall describe the nature and extent of the problem and the
proposed remedy.
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(4) The Director of an approved State may establish alternative schedules for demonstrating
compliance with paragraphs (c) (2) and (3) of this section.
(d) For purposes of this section, lower explosive limit means the lowest percent by volume of a
mixture of explosive gases in air that will propagate a flame at 25 °C and atmospheric pressure.
(e) The Director of an approved State may establish alternative frequencies for the monitoring
requirement of paragraph (b)(2) of this section, after public review and comment, for any owners
or operators of MSWLFs that dispose of 20 tons of municipal solid waste per day or less, based
on an annual average. Any alternative monitoring frequencies established under this paragraph
must:
(1) Consider the unique characteristics of small communities;
(2) Take into account climatic and hydrogeologic conditions; and
(3) Be protective of human health and the environment.
[56 FR 51016, Oct. 9, 1991, as amended at 62 FR 40713, July 29, 1997]
§ 258.24Air criteria.
(a) Owners or operators of all MSWLFs must ensure that the units not violate any applicable
requirements developed under a State Implementation Plan (SIP) approved or promulgated by
the Administrator pursuant to section 110 of the Clean Air Act, as amended.
(b) Open burning of solid waste, except for the infrequent burning of agricultural wastes,
silvicultural wastes, landclearing debris, diseased trees, or debris from emergency cleanup
operations, is prohibited at all MSWLF units.
Source: (Code of Federal Regulations, n.d.)
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